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ABSTRACT : 

The present invention is an SOI wafer in which at least a silicon active layer is 
formed over a support substrate via an insulator film or on a support substrate 
directly, wherein, at least, the silicon active layer consists of a P ( phosphorus) - 
doped silicon single crystal grown by Czochralski method, which is occupied by N 
region and/or defect-free I region, and contains Al (aluminum) w ith concentration 
of 2 .times . 10 . sup. 12 atoms/cc or more. There can be provided with ease and at low 
cost an SOI wafer with high electrical reliability in a device fabrication process, 
that has an excellent electric property without generation of micro pits by 
cleaning with hydrofluoric acid etc. even in the case of forming an extremely thin 
silicon active layer, or that retains high insulation property even in the case of 
forming an extremely thin inter-layer insulator film. 

TECHNICAL FIELD 

[0001] The present invention relates to an SOI (Silicon On Insulator) wafer, more 
particularly, to an SOI wafer having extremely high electrical reliability, and to 
a method for producing such an SOI wafer. 

BACKGROUND TECHNOLOGY 

[0002] Conventionally, as a substrate for a device, an SOI wafer in which a silicon 
active layer (an SOI layer) is formed on a support substrate has been widely 
utilized. As a method for producing such an SOI wafer, for example, it is known 
that there are a SIMOX (Separation by Ion-Implanted Oxygen) method in which oxygen 
is implanted into a silicon wafer to form a silicon active layer insulated by an 
oxide film, and a bonding method in which two wafers are bonded together via an 
oxide film or directly. 

[0003] In the SIMOX method, oxygen ions are implanted inside a silicon wafer from 
one of the main surfaces of the wafer that was subjected to mirror polishing and 
the like, to form oxygen ions implanted layer. Then, the wafer is subjected to 
heat-treatment, for example, under an inert gas atmosphere with temperature of 
1300. degree. C. or more, to transform the oxygen ions implanted layer formed inside 
the wafer into a buried oxide film layer (an insulator film layer) . Thereby, an SOI 
wafer that is insulated by the insulator film layer in one wafer is obtained. 

[0004] In addition, in an ion implantation delamination method which is one of the 
bonding methods, an insulator film such as an oxide film (also refers to as a 
buried insulator film or inter-layer insulator film) is formed on a surface of a 
silicon wafer (a bond wafer) to be a silicon active layer or on a surface of a 
silicon wafer (a base wafer) to be a support substrate, and an ion-implanted layer 

(a micro bubble layer) is formed inside the bond wafer by implanting ions such as 
hydrogen from one side surface of the bond wafer. Further, after the ion-implanted 
surface of the bond wafer is bonded to the base wafer via the oxide film, the bond 
wafer is delaminated at the ion-implanted layer as a boundary by heat treatment. 
Thereby, an SOI wafer in which a thin silicon active layer is formed over the base 
wafer via the oxide film can be obtained. 

[0005] Further, there are also some cases that an insulator support substrate is 
used and a bond wafer is bonded to this directly, i.e., without an oxide film. 

[0006] Further, after delaminating the bond wafer at the ion-implanted layer as a 
boundary, there are also some cases that heat treatment (bonding heat treatment) 
for making bonding strength between the silicon active layer and the base wafer 
sufficient, or cleaning with hydrofluoric acid for removing an oxide film on the 
surface is performed. 
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[0007] In the case of producing an SOI wafer as described above, as a silicon 
wafer, it has been conventional to use a silicon wafer on the surface of which 
micro pit defects with a size of 50 nm or more existed. However, in recent years, 
the demand for thinning the silicon active layer and the buried oxide film 
increases, and the demand for quality of a silicon wafer applicable to this has 
also become strict. 

[0008] Especially, in the method for producing an SOI wafer such as the ion 
implantation delamination method, there are also some cases that cleaning with 
hydrofluoric acid for removing an oxide film on the surface is performed. At that 
time, there occurs many failures that the size of the micro pit defects existing on 
the surface of the silicon active layer is further enlarged by etching, the buried 
oxide film is etched by hydrofluoric acid infiltrated through the pit and the 
silicon active layer or the buried oxide film is destroyed almost entirely or 
partially. 

[0009] Then, in order to reduce defects in the silicon active layer, there has been 
proposed the use of an epitaxial layer, a DZ (Denuded Zone) layer of an IG wafer or 
a silicon single crystal in so-called a neutral region ( N region ) where there exist 
no defects caused during growth of the single crystal which is called grown-in 
defects such as FPD, LSTD and COP. 

[0010] For example, there has been proposed a method for producing an SOI wafer by 
forming an epitaxial layer on a silicon wafer (a bond wafer) , implanting boron ions 
into the epitaxial layer, subsequently bonding the wafer to a support substrate via 
an oxide film, and further grinding and polishing the back surface of the bond 
wafer (for example, see Japanese Patent Laid-open (Kokai) No. 10-79498). 

[0011] However, in the case of using the wafer on which the epitaxial layer is 
formed as the bond wafer as described above, defects in the silicon active layer 
can be improved, but there has been a problem that the production cost remarkably 
increases because the process for growing the epitaxial layer is added. 

[0012] On the other hand, as a bond wafer, in the case of using a silicon wafer 
grown in N region where no micro defect such as FPD and COP exists, although it is 
required to accurately control growth conditions of a silicon single crystal, there 
is an advantage that the process for forming the epitaxial layer is not needed. 

[0013] A method for producing a silicon single crystal will be explained herein, 
and then grown-in defects and N region will be explained. 

[0014] As a method for producing a silicon single crystal, Czochralski Method 
(referred to as CZ method for short hereafter) is mainly used. 

[0015] When producing a single crystal by CZ method, for example, an apparatus 10 
for producing a si ngle crys tal as shown in FIG. 2 is used to produce the sing le 
crystal . This apparatus 10 for producing a single crystal has a member for 
containing and melting a polycrystalline material such as silicon, heat insulation 
members to insulate heat, and etc. They are installed in a main chamber 11. A 
pulling chamber 12 extending upwardly is continuously provided from a ceiling 
portion of the main chamber 11, and a mechanism (not shown) for pulling a single 
crystal 13 by a wire 14 is provided above it. 

[0016] In the main chamber 11, a quartz crucible 16 for containing a melted raw 
material melt 15 and a graphite crucible 17 supporting the quartz crucible 16 are 
provided, and these crucibles 16 and 17 are supported by a shaft 18 so that they 
can be rotated and moved upwardly or downwardly by a driving mechanism (not shown) . 
To compensate for decline of the melt level of the raw material melt 15 caused by 
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pulling of the single crystal 13, the driving mechanism for the crucibles 16 and 17 
is designed to rise the crucibles 16 and 17 as much as the melt level declines. 

[0017] And, a graphite heater 19 for melting the raw material is provided so as to 
surround the crucibles 16 and 17. A heat insulating member 20 is provided outside 
the graphite heater 19 so as to surround it in order to prevent that the heat from 
the graphite heater 19 is directly radiated on the main chamber 11. 

[0018] Moreover, a graphite cylinder 23 is provided above the crucibles, and a heat 
insulating material 24 is provided on the outside of the lower end of the graphite 
cylinder 23 so as to oppose to the raw material melt 15 so that the heat radiation 
from the melt surface is intercepted and the temperature of the raw material melt 
surface is kept. 

[0019] A raw material lump is put in the quartz crucible 16 installed in the 
apparatus for producing a single crystal as described above, the crucible 16 is 
heated by the graphite heater 19 as described above to melt the raw material lump 
in the quartz crucible 16. A seed crystal 22 fixed by a seed holder 21 connected 
with the lower end of the wire 14 is immersed into the raw material melt 15 melted 
from the raw material lump as described above. Thereafter, the single_ crystal 13 
having a desired diameter and quality is grown under the seed crystal 22 by 
rotating and pulling the seed crystal 22. In this case, after bringing the seed 
crystal 22 into contact with the raw material melt 15, so-called necking, once 
forming a neck portion by narrowing the diameter to about 3 mm, is performed, and 
then, a dislocation-free crystal is pulled by spreading to a desired diameter. 

[0020] Next, grown-in defects and N region will be explained. 

[0021] It is known that in the case of changing a growth rate F from high rate to 
low rate in the direction of a crystal growth axis in a CZ pulling apparatus with a 
usual furnace structure (hot zone: HZ) having a large G which is an average value 
of a temperature gradient in the crystal along a pulling axis from the melting 
point of silicon to 1400. degree. C, a defect distribution diagram as shown in FIG. 
4 can be obtained. 

[0022] In FIG. 4, V region is a region that contains a large amount of vacancies, 
i.e., depressions, pits, or the like caused by lack of silicon atoms, and I region 
is a region that contains a large amount of dislocations or clusters of excess 
silicon atoms caused by existence of excess silicon atoms. It has also been 
confirmed that there exists a neutral (hereinafter occasionally abbreviated as N) 
region that contains no (or little) lack or excess of the atom between V region and 
I region, and defects called OSF (Oxidation Induced Stacking Fault) are distributed 
in a ring shape (hereinafter occasionally referred to as OSF ring) near a boundary 
of V region when observed in the cross section perpendicular to a crystal growth 
axis . 

[0023] When the growth rate is relatively high, there exist grown-in defects such 
as FPD, LSTD and COP, which are considered due to voids consisting of agglomerated 
vacancy-type point defects, at a high density over the entire radial direction of 
the crystal, and the region containing these defects becomes V region. Further, 
along with lowering of the growth rate, the OSF ring is generated from the 
periphery of the crystal. There exist at a low density outside the OSF ring, L/D 
(Large Dislocation: an abbreviation for interstitial dislocation loop, such as 
LSEPD, LFPD and the like) defects (huge dislocation clusters) which are considered 
due to dislocation loops consisting of agglomerated interstitial silicon atoms, and 
the region where these defects exist becomes I region (occasionally referred to as 
L/D region) . When the growth rate is further lowered, the OSF ring shrinks to the 
center of the wafer and disappears, so that the entire plane becomes I region . 
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[0024] N region located between the V region and the I region and outside the OSF 
ring becomes a region containing no FPD, LSTD and COP to be generated due to voids 
as well as no LSEPD and LFPD to be generated due to interstitial silicon atoms. In 
addition, it has been recently found that when further classifying N region, as 
shown in FIG. 4, there exist Nv region (the region where a lot of vacancies exist) 
adjacent to the outside of OSF ring and Ni region (the region where a lot of 
interstitial silicon atoms exist) adjacent to I region, and that when performing 
thermal oxidation treatment, a lot of oxygen precipitates are generated in the Nv 
region and little oxygen precipitates are generated in the Ni region. 

[0025] Although such an N region conventionally existed only in a part of a plane 
of wafer, a crystal having N region over the entire radial plane (the entire plane 
of a wafer) has been able to be manufactured by controlling F/G that is a ratio of 
a pulling rate (F) to an average value (G) of a temperature gradient in the crystal 
along a pulling axis from the melting point of silicon to 1400. degree. C. 

[0026] Also, in the manufacture of an SOI wafer, as described above, there has been 
proposed a method in which a silicon single crystal wafer having N region over the 
entire surface is used as a bond wafer. 

[0027] For example, there has been proposed an SOI wafer wherein a silicon single 
crystal is pulled by controlling a ratio (F/G) of the pulling rate F to the average 
value G of a temperature gradient in the crystal along a pulling axis from the 
melting point of silicon to 1400. degree. C. within a predetermined range when it is 
pulled by Czochralski method (CZ method), and the silicon wafer in N region is used 
as a bond wafer (for example, see Japanese Patent Laid-open (Kokai) No. 2001-146498 
and Japanese Patent Laid-open (Kokai) No. 2001-44398) . 

[0028] However, when a silicon single crystal in N region is pulled by CZ method 
with controlling the pulling rate and the like, this silicon single_ crystal^ in N 
region is grown in a range of a relatively limited pulling rate. Thus, there occurs 
a problem that it is difficult to control the pulling rate and productivity and 
yield of the single crystal become low. Therefore, an SOI wafer using such a single 
crystal in N region becomes relatively expensive. 

[0029] On the other hand, "as to a base wafer, it is originally required for 
supporting a silicon active layer via an insulator film, thus, no device is 
directly formed on a surface of the base wafer. 

[0030] Therefore, as a base wafer, considering improvements of productivity etc., a 
silicon wafer that is produced by growing a silicon single crystal occupied by V 
region or partially OSF region and Nv region with high pulling rate as shown in 
FIG. 4, and then being processed to have a mirror surface from the above silicon 
single crystal grown with high pulling rate has been widely used. For example, 
there has been proposed to use a dummy-grade silicon wafer of which resistivity and 
the like do not meet product standards as a base wafer (for example, see Japanese 
Patent Laid-open (Kokai) No. 11-40786). 

[0031] However, thinning of an inter-layer insulator film has been recently 
demanded, thus improving quality of a silicon wafer used as a base wafer has been 
demanded. That is, in the case that a thickness of an inter-layer insulator film is 
thick enough, there is no need to care about influences leading to dielectric 
breakdown even if vacancy defects like COPs that voids have grown are formed on a 
surface of a base wafer with high density. However, in the case that an inter-layer 
insulator film has a thin thickness of 100 nm or less, it is concerned that quality 
of the inter-layer insulator film may be deteriorated and insulation function may 
be in trouble. 
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[0032] Further, as a method for providing an SOI wafer at lower cost that is prone 
to be expensive, there has been proposed a method in which a delaminated wafer that 
is delaminated from a silicon active layer by ion implantation delamination method 
is reused as a base wafer (see Japanese Patent Laid-open (Kokai) No. 11-297583) . 
However, as it has been recently demanded, in the case that an inter-layer 
insulator film of an SOI wafer has a thin thickness of, for example, 100 nm or 
less, if a delaminated wafer to be reused as a base wafer includes regions like V 
region, 0SF region and huge dislocation clusters (LSEPD, LFPD) , quality of the 
inter-layer insulator film comes to be deteriorated and insulation function becomes 
insufficient. Therefore, in this case, it is difficult to reuse as a base wafer. 

DISCLOSURE OF THE INVENTION 

[0033] The present invention was accomplished in view of the aforementioned 
circumstances, and its object is to provide with ease and at low cost an SOI wafer 
that has an excellent electric property without generation of micro pits by 
cleaning with hydrofluoric acid etc. even in the case of forming an extremely thin 
silicon active layer, for example, with a thickness of 200 nm or less, or that 
retains high insulation property and has high electrical reliability in a device 
fabrication process even in the case of forming an extremely thin inter-layer 
insulator film, for example, with a thickness of 100 nm or less. 

[0034] The present invention was accomplished to achieve the aforementioned object, 
and there is provided an SOI wafer in which at least a silicon active layer is 
formed over a support substrate via an insulator film or on a support substrate 
directly, wherein, at least, the silicon active layer consists of a P ( phosphorus ) - 
doped silicon single crystal grown by Czochralski method, which is occupied by N 
region and/or defect-free I region, and contains Al (aluminum) with concentration 
of 2 . times . 10 . sup. 12 atoms/cc or more. 

[0035] As described above, in the case of the SOI wafer of which, at least, the 
silicon active layer consists of a P ( phosphorus) -doped silicon single crystal grown 
ky Czochralski method, which is occupied by N region and/or defect-free I reg ion, 
and contains Al (aluminum) with concentration of 2 . times . 10 . sup . 12 atoms/cc or 
more, there does not exist even an extremely fine defect in the silicon active 
layer. And therefore, no micro pits are generated even when it is cleaned with 
hydrofluoric acid and it becomes the SOI wafer having an excellent electric 
property. Further, since such an SOI wafer can be produced without adding a process 
as in the case of using an epitaxial-wafer and the like, and a defect-free silicon 
singl e crystal to be a silicon active layer can be produced with ease and at low 
cost, production cost can be lowered. 

[0036] In addition, a support substrate in these cases is properly selected from 
silicon, quartz, SiC and sapphire etc. 

[0037] Also, there is provided an SOI wafer in which a base wafer and a bond wafer 
respectively consisting of silicon single crystal are bonded via an insulator film, 
and then the bond wafer is thinned to form a silicon active layer, wherein the bond 
wafer and/or the base wafer consists of a P-doped silicon single cr ystal grown by 
Czochralski method, which is occupied by N region and/or defect-free I region, and 
contains Al with concentration of 2 . times . 10 . sup . 12 atoms/cc or more. 

[0038] As described above, in the case of the SOI wafer of which the bond wafer 
consists of a P-doped silicon single crystal grown by Czochralski method, which is 
occupied by N region and/or defect-free I region, and contains Al with 
concentration of 2 . times . 10 . sup . 12 atoms/cc or more, there does not exist even an 
extremely fine defect in the silicon active layer formed by thinning the bond 
wafer. And therefore, no micro pits are generated even when it is cleaned with 
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hydrofluoric acid and it becomes the SOI wafer having an excellent electric 
property. Further, since such an SOI wafer can be produced without adding a process 
as in the case of using an epitaxial-wafer and the like, and a defect-free silicon 

single cr yst al to be used as a bond wafer can be produced with ease and at low 

cost, production cost can be lowered. 

[0039] Further, in the case of the SOI wafer of which the base wafer consists of a 
P-doped silicon single crystal grown by Czochralski method, which is occupied by N 
region and/or defect-free I region, and contains Al with concentration of 
2 . times . 10 . sup. 12 atoms /cc or more, there does not exist micro defects on the 
surface of the base wafer. And therefore, even in the case of forming an extremely 
thin inter-layer insulator film, for example, with a thickness of 100 nm or less, 
degradation of dielectric breakdown property due to effect of the defects on the 
surface of the base wafer is not arisen, and such an SOI wafer has high electrical 
reliability in a device fabrication process. In the case of such an SOI wafer, 
since a defect-free silicon single crystal used as a base wafer can be produced 
with ease and at low cost, production cost can be lowered. 

[0040] In these cases, it is preferable that the P-doped silicon single crystal 
contains P with concentration of 1 . times . 10 . sup . 14 atoms/cc or more. 

[0041] As described above, in the case that the P-doped silicon single crystal 
contains P with concentration of 1 . times . 10 . sup . 14 atoms/cc or more, there can be 
sufficiently obtained an N-type of conductivity. 

[0042] In these cases, the silicon active layer can have a thickness in the range 
of 5 nm to 200 nm. 

[0043] In recent years, the silicon active layer has been required to- be thinner. 
Since there hardly exist even an extremely fine defect in the silicon active layer 
of the SOI wafer according to the present invention, even if a thickness of the 
silicon active layer is 200 nm or less, it is prevented that the silicon active 
layer is destroyed due to enlargement of defects by cleaning with hydrofluoric acid 
and the like, so that there can be obtained an SOI wafer with high guality. 

[0044] In these cases, the insulator film is a silicon oxide film and has a 
thickness in the range of 10 nm to 100 nm. 

[0045] In recent years, the thickness of the inter-layer insulator film consisting 
of a silicon oxide film has been required to be 100 nm or less. In the case of 
producing an SOI wafer according to the present invention, dielectric breakdown 
property is not deteriorated even if such an extremely thin oxide film is formed, 
and high insulation property is retained. 

[004 6] As a method according to the present invention, there is provided a method 
for producing an SOI wafer in which at least an insulator film layer (an oxide film 
layer) is formed by implanting oxygen into a silicon wafer and then performing 
heat-treatment, to form a silicon active layer insulated by the insulator film 
layer in the wafer, wherein at least a silicon wafer which consists of a P-doped 
silicon single crystal grown by Czochralski method, which is occupied by N region 
and/or defect-free I r e gion , and contains Al with concentration of 
2 . times . 10 . sup. 12 atoms/cc or more is used as the silicon wafer. 

[0047] As described above, in the case that an SOI wafer is produced by the SIMOX 
method, by using a silicon wafer consisting of a P-doped silicon single crystal, 
which is occupied by N region and/or defect-free I region, and contains Al with 
concentration of 2 . times . 10 . sup . 12 atoms/cc or more, there can be obtained an SOI 
wafer of which the silicon active layer is extremely high quality. Further, since 
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such an SOI wafer can be produced without adding a process, and a defect-free 
silicon single crystal to be used can be produced with ease and at low cost, 
production cost can be lowered. 

[0048] As a method according to the present invention, there is also provided a 
method for producing an SOI wafer at least comprising steps of, a bonding step 
bonding a base wafer and a bond wafer directly and a thinning step forming a 
silicon active layer by thinning the bond wafer, wherein an insulator substrate is 
used as the base wafer and a silicon wafer which consists of a P-doped silicon 
single crystal grown by Czochralski method, which is occupied by N region and/or 
defect-free I region, and contains Al with concentration of 2 . times > 10 . sup . 12 
a t om s/ cc or more is used as the bond wafer. 

[0049] As described above, in the case of producing an SOI wafer by a bonding 
method wherein an insulator substrate such as quartz, SiC and sapphire is used as a 
base wafer, and this base wafer and a bond wafer consisting of a silicon single 
crystal is bonded directly, a silicon wafer which consists of a P-doped silicon 
single crystal, which is occupied by N region and/or defect-free I region, and 
contains Al with concentration of 2 . times . 10 . sup . 12 atoms/cc or more is used as the 
bond wafer. Thereby, an SOI wafer in which a silicon active layer on the insulator 
substrate has extremely high quality can be obtained. Further, since such an SOI 
wafer can be produced without adding a process, and a defect-free silicon single 
crystal to be used can be produced with ease and at low cost, production cost can 
be lowered. 

[0050] Further, as a method according to the present invention, there is provided a 
method for producing an SOI wafer at least comprising steps of, a bonding step 
bonding a base wafer and a bond wafer respectively consisting of silicon single 
crystal via an insulator film and a thinning step forming a silicon active layer by 
thinning the bond wafer, wherein a silicon wafer which consists of a P-doped 
silicon single crystal grown by Czochralski method, which is occupied by N region 
and/or defect-free I region, and contains Al with concentration of 

2.times.l0.sup.l2 atoms/cc or more is used as the bond wafer and/or the base wafer. 

[0051] As described above, in the case o'f producing an SOI wafer by a bonding 
method wherein a base wafer and a bond wafer respectively consisting of silicon 
single crystal are bonded via an insulator film, a silicon wafer which consists of 
a P-doped silicon sin gle crystal , which is occupied by N re gion and/or defect-free 
I region, and contains Al with concentration of 2 . times . 10 . sup. 12 atoms/cc or more 
is used as the bond wafer and/or the base wafer. Thereby, an SOI wafer of which a 
silicon active layer and/or a support substrate has extremely high quality can be 
obtained. Further, since such an SOI wafer can be produced without adding a 
process, and a defect-free silicon single crystal to be used can be produced with 
ease and at low cost, production cost can be lowered. 

[0052] In this bonding method, ahead of the bonding step, ion implanting step is 
performed to form an ion implanted layer in the bond wafer by implanting at least 
one type of ion among hydrogen ion and rare gas ions from the surface of the bond 
wafer, in the bonding step, the surface of the ion-implanted side of the bond wafer 
and the surface of the base wafer are bonded directly or via the insulator film, 
and in the thinning step, a part of the bond wafer is delaminated at the ion- 
implanted layer by heat-treatment. Thereby, an SOI wafer can be produced. 

[0053] As described above, when an SOI wafer is produced by the ion implantation 
delamination method, a silicon active layer can be formed with extremely thin and 
uniform thickness, and an SOI wafer without defects and with extremely high quality 
can be obtained. 
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[0054] In these cases, as the P-doped silicon single crystal, a crystal containing 
P with concentration of 1 . times . 10 . sup . 14 atoms/cc or more is preferably used. 

[0055] As described above, in the case that the P-doped silicon single cr y stal 
contains P with concentration of 1 . times . 10 . sup. 14 atoms/cc or more, there can be 
sufficiently obtained an N-type of conductivity. 

[0056] In these cases, the silicon active layer can have a thickness in the range 
of 5 nm to 200 nm. 

[0057] In recent years, the silicon active layer have been required to be thinner. 
In the case that an SOI wafer is produced according to the method of the present 
invention, there hardly exist even an extremely fine defect in the silicon active 
layer.. Thus, even if a thickness of the silicon active layer is 200 nm or less, it 
is prevented that the silicon active layer is destroyed due to enlargement of 
defects by cleaning with hydrofluoric acid and the like, so that there can be 
obtained an SOI wafer with high quality. 

[0058] In these cases, the insulator film may be a silicon oxide film and may have 
a thickness in the range of 10 nm to 100 nm. 

[0059] In recent years, the thickness of the inter-layer insulator film consisting 
of silicon oxide film has been required to be 100 nm or less. In the case of 
producing an SOI wafer according to the present invention, even if such an 
extremely thin silicon oxide film is formed, dielectric breakdown property is not 
deteriorated and high insulation property is retained. 

[0060] As explained above, according to the present invention, there is provided an 
SOI wafer wherein a silicon active layer and/or a support substrate consist of a P- 
doped silicon single crystal, which is occupied by N region and/or defect-free I_ 
region, and contains Al with concentration of 2 . t imes . 10 . sup . 1 2 atoms/cc or more. 
In such an SOI wafer, even in the case that a silicon active layer having an 
extremely thin thickness like 200 nm or less is formed, the SOI wafer has an 
excellent electric property without generation of micro pits by cleaning with 
hydrofluoric acid etc., or the SOI wafer retains excellent insulation property even 
if an insulator film has a thickness like 100 nm or less. Therefore, when a device 
is fabricated by using such an SOI wafer, a device having an excellent electric 
property can be fabricated with high yield as well as with ease and at low cost. 

BRIEF EXPLANATION OF THE DRAWINGS 

[0061] FIG. 1 is an explanatory view showing a relationship between a growth rate 
and a distribution of crystal defects under each condition. 

[0062] (a) Pulling condition 5, (b) Pulling condition 3, (c) Pulling condition 4, 
(d) Pulling condition 1, Pulling condition 2. 

[0063] FIG. 2 is a schematic view of an apparatus for producing a single crystal . 

[0064] FIG. 3 (a) is a view of showing relationship between a growth rate of a 
silicon single crystal and a cutting position of the crystal and (b) is an 
explanatory view showing a growth rate and each defect region. 

[0065] FIG. 4 is an explanatory view showing a relationship between a growth rate 
and a distribution of crystal defects according to a prior art. 

[0066] FIG. 5 is a flowchart showing an example of a manufacturing process of an 
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SOI wafer according to the present invention by the ion implantation delamination 
method. 

[0067] FIG. 6 is a flowchart showing an example of a manufacturing process of an 

SOI wafer according to the present invention by the SIMOX method. 

BEST MODE FOR CARRYING OUT THE INVENTION 

[0068] Hereinafter, embodiments of the present invention will be described. 
However, the present invention is not limited thereto. 

[0069] An SOI wafer according to the present invention is an SOI wafer in which at 
least a silicon active layer is formed over a support substrate via an insulator 
film or on a support substrate directly, wherein, at least, the silicon active 
layer consists of a P (phos phorus) -doped silicon single crystal grown by Czo chralski 
method, which is occupied by N region and/or defect-free I region, and contains Al 
(aluminum) with concentration of 2 . times . 10 . sup . 12 atoms/cc or more. 

[0070] As described above, in the case of the SOI wafer wherein the silicon active 
layer consists of a defect-free P-doped silicon single cr ystal, even an extremely 
fine defect hardly exists in the silicon active layer. And therefore, no micro pits 
are generated even when it is cleaned with hydrofluoric acid etc. and the problem 
that hydrofluoric acid infiltrates a buried oxide film through a pit and etches the 
film is not arisen. Thus, it becomes an SOI wafer having an excellent electric 
property. 

[0071] In addition, an SOI wafer of the present invention is an SOI wafer in which 
a base wafer and a bond wafer respectively consisting of silicon singl_e__cry_st_al are 
bonded via an insulator film, and then the bond wafer is thinned to form a silicon 
active layer, wherein the bond wafer and/or the base wafer consist of a P-doped 
silicon single crystal grown by Czochralski method, which is occupied by N region 
and/or defect-free I region, and contains Al with concentration of 
2 .times . 10 . sup . 12 atom s /cc or more. 

[0072] As described above, in the case of the SOI wafer wherein the bond wafer to 
be a silicon active layer consists of a defect-free P-doped silicon singl e cry stal, 
there does not exist even an extremely fine defect in the silicon active layer. And 
therefore, no micro pits are generated even when it is cleaned with hydrofluoric 
acid etc. and it becomes an SOI wafer having an excellent electric property. 

[0073] Further, in the case of an SOI wafer wherein a base wafer to be a support 
substrate consists of a defect-free P-doped silicon single crystal, there does not 
exist micro defects on the surface of the base wafer. And therefore, even in the 
case of forming an extremely thin inter-layer insulator film, for example, with a 
thickness of 100 nm or less, degradation of dielectric breakdown property due to 
effect of the defects on the surface of the base wafer is not arisen, and such an 
SOI wafer has excellent electrical reliability in a device fabrication process. 

[0074] In these SOI wafers according to the present invention, the silicon active 
layer can have a thickness in the range of 5 nm to 200 nm. In Recent years, the 
silicon active layer has been required to be thinner. In the case of the SOI wafer 
according to the present invention, since there hardly exist even an extremely fine 
defect in the silicon active layer, even if a thickness of the silicon active layer 
is 200 nm or less, it is prevented that the silicon active layer is destroyed due 
to enlargement of defects by cleaning with hydrofluoric acid and the like, and that 
buried oxide film is etched, so that there can be obtained an SOI wafer with high 
quality. 
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[0075] Further, the insulator film can be a silicon oxide film and can have a 
thickness in the range of 10 nm to 100 nm. In recent years, the thickness of the 
inter-layer insulator film consisting of silicon oxide film has been required to be 
100 nm or less. In the case of the SOI wafer according to the present invention, 
even if such an extremely thin oxide film is formed, dielectric breakdown property 
is not deteriorated and excellent insulation property is retained. 

[0076] The method for producing a defect-free P-doped silicon single crystal used 
for an SOI wafer of the present invention will be explained below. 

[0077] When producing a B-doped silicon single crystal by Czochralski method, if a 
growth rate of the singl e crystal is gradually decreased from high rate to 1-ow rate 
from a shoulder of the crystal through a tail of a straight body thereof, the OSF 
shrinks with reaching certain growth rate, and thereafter, in a lower rate region, 
each phase of N region (Nv and Ni region) and I region is formed in the order. 
Particularly in I region of a lower rate side from N region, it is known that large 
dislocation clusters of which size is about 10 .mu.m or more are formed, and 
defects such as LSEPD and LFPD are present. In addition, in the case of a B-doped 
silicon single crystal, N region is formed when a value of F/G (mm. sup . 2/ . degree . 
C.min) is in a range of 0.20-0.22. 

[0078] On the other hand, when producing a P-doped silicon single crystal b y 
Czochralski method, if a growth rate of a single crystal is gradually decreased 
from high rate to low rate from a shoulder of the crystal through a tail of a 
straight body thereof, the OSF shrinks with reaching certain growth rate, and 
thereafter, in a lower rate region, each phase of N region (Nv, Ni region) and I 
region is formed in the order. In the large dislocation clusters agglomeration in 
the I region, LFPD isn't contained but only LSEPD is contained. In addition, in the 
case of a P-doped silicon single crystal, N region is formed when a value of F/G 
(mm. sup. 2/. degree. C.min) is in a range of 0.18-0.20. 

[0079] As described above, it was found that a B-doped silicon single crystal and a 
P-doped silicon single crystal had different behaviors of a distribution of crystal 
defects. Particularly, in the case of a P-doped silicon single crystal, from the 
difference in the way of generation of crystal defects in I jregion, the inventors 
of the present invention found that Al elements taken in the pulling crystal after 
being eluted from a natural quartz crucible suppressed generation of the large 
dislocation clusters which were normally confirmed in I region . 

[0080] When pulling a P-doped silicon single crystal, in the case of using a 
synthetic quartz crucible containing little Al components, the presence of the 
large dislocation clusters was confirmed in I region . However, when using such a 
natural quartz crucible that Al elements were taken in a pulling crystal in a 
concentration range of 5 . times . 10 . sup. 11 atoms/cc or more to less than 
2. times. 10. sup. 12 atoms/cc, high-density LSEPD was confirmed in the I region of 
immediately lower rate side from Ni region, but LSEPD was not formed in a further 
lower rate region. Namely, it was found that the region was defect-free I region . 
Then, the present inventors examined Al concentration of I r egion in the vicinity 
of boundary where LSEPD disappeared. As a result, it was revealed that the 
concentration was about 2 . times . 10 . sup . 12 atoms/cc, and at the time, a value of F/G 
(mm. sup. 2/. degree. C.min) in the boundary was 0.17. 

[0081] And, the present inventors used a synthetic quartz crucible based on the 
above fact, and added refined Al metal grains when filling polycrystalline silicon 
material so that Al elements of 2 . times . 10 . sup . 12 atoms/cc or more could be taken 
in the pulling crystal. And, if a growth rate of a silicon single crystal was 
gradually decreased from high rate to low rate from a shoulder of the crystal 
through a tail of a straight body thereof, large dislocation clusters were not 
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formed in the I region of an immediately lower rate side from Ni region, which was 
defect-free, and the I region of a further lower rate was also defect-free. 
Accordingly, it was found that in a P-doped crystal which is doped with Al, N 
region and defect-free I regi on are formed in the region where F/G 
(mm. sup. 2/. degree. C.min) is 0.20, which corresponds to the boundary between OSF 
and N region, or less. 

[0082] Here, a value of G (.degree. C./mm), which is an average value of a 
temperature gradient in the pulling crystal along a pulling axis from the melting 
point of silicon to 1400. degree. C, is calculated by using the global heat 
transfer analysis software FEMAG. 

[0083] FEMAG is the global heat transfer analysis software disclosed in the 
reference (F. Dupret, P. Nicodeme, Y. Ryckmans, P..Wouters, and M. J. Crochet, Int. 
J. Heat Mass Transfer, 33, 1849 (1990)). 

[0084] In addition, because Al is a conductivity type element of P-type, it is 
necessary to be careful about a high concentration doping. Particularly in order to 
dope Al without giving a disadvantage for device design, it is desirable to control 
a concentration of Al taken in a crysta l not t o be more than 1. time s. 10 . sup. 14 
atoms/cc . 

[0085] Moreover, it is preferable to dope P so that a concentration of P in the P- 
doped silicon single crystal is 1 . times . 10 . sup . 14 atoms/cc or more. This is because 
there can be obtained a sufficient N-type of conductivity if a concentration of 
doped P is 1 . times . 10 . sup . 14 atoms/cc or more. 

[0086] The SOI wafer according to the present invention is produced by using above 
produced defect-free P-doped silicon single crystal doped with proper doses of Al, 
and by using the bonding method like the ion implantation delamination method or 
the SIMOX method as described below. 

[0087] FIG. 5 is a flowchart showing an example of a manufacturing process of an 
SOI wafer according to the present invention by the ion implantation delamination 
method . 

[0088] First, in the first process (a), a bond wafer 31 that is to be a silicon 
active layer and a base wafer 32 that is to be a support substrate, are prepared. 
Here, in the present invention, as above mentioned, as the bond wafer 31 and/or the 
base wafer 32, a silicon wafer consisting of P-doped silicon single crystal grown 
kv Czochr alski method, which is occupied by N reg ion and/or defect-free I regi on, 
and contains Al with concentration of 2 . times . 10 . sup . 12 atoms/cc or more is used. 

[0089] The above-mentioned P-doped silicon single crystal which is occupied by N 
region and/or defect-free I region, and contains Al with concentration of 
2 . times . 10 . s up . 12 atoms /cc or more can be grown, for example, by using an apparatus 
10 for producing a single crystal as shown FIG. 2 and controlling F/G and doping 
dose of Al. "~ ~ ' 

[0090] Next, in the process (b) of FIG. 5, a surface of at least either of the bond 
wafer 31 or the base wafer 32 is oxidized. The bond wafer 31 can be thermally 
oxidized herein to form an oxide film 33 on the surface. At this time, although the 
oxide film 33 has a thickness to retain reguired insulation property, in the 
present invention, an extremely thin oxide film having a thickness in the range of 
10 nm-100 nm can be formed. 

[0091] When an SOI wafer is produced by using conventionally used wafer such as a 



http://jupiter2:9000fti^ 11/15/06 



Record Display Form 



Page 13 of 21 



silicon wafer on the surface of which there are many micro defects with a size of 
50 nm or more as a base wafer and forming a buried oxide film with a thickness of 
100 nm or less, there is a possibility that the oxide film could be adversely 
affected by the micro defects present on the surface of the base wafer and could be 
deteriorated or destroyed by the following bonding heat treatment or heat-treatment 
in a device fabrication process. However, since the base wafer 32 used in the 
present invention hardly has even an extremely fine defect, problems like 
degradation of dielectric breakdown property is not arisen even if the oxide film 
33 has a thickness of 100 nm or less. 

[0092] In addition, when the oxide film 33 has a thickness of less than 10 nm, 
necessary time to form the oxide film shortens, but there is a possibility that an 
insulation property cannot be retained. Therefore, it is preferable that the 
thickness of the oxide film is 10 nm or more. 

[0093] In the process (c) , hydrogen ions are implanted from one surface of the bond 
wafer 31 on the surface of which the oxide film 33 is formed. Rare gas ions or 
mixture gas ions of hydrogen ions and rare gas ions may also be implanted. Thereby, 
an ion-implanted layer 34 parallel to the surface of the wafer at an average 
penetration depth of ions can be formed inside the wafer. The depth of the ion- 
implanted layer 34 will be reflected in a thickness of a silicon active layer to be 
formed finally. Accordingly, by implanting ions with controlling implantation 
energy etc., it is possible to control a thickness of a silicon active layer, for 
example, 5 nm-3000 nm. Especially a silicon active layer having a thickness of 200 
nm or less can be made. 

[0094] The grown-in defects are hardly detected in the bond wafer 31 used in the 
present invention. Therefore, even in the case that the silicon active layer has a 
thickness of 200 nm or less, micro pits are not generated when the wafer is 
subjected to cleaning with hydrofluoric acid, thus there can be obtained an SOI 
wafer which has an excellent electrical property. 

[0095] In the process (d) , the surface of the ion-implanted side of the bond wafer 
31 and a surface of the base wafer 32 are bonded together via the oxide film (the 
insulator film) 33. For example, by contacting surfaces of two wafers 31 and 32 
with each other under a clean atmosphere at room temperature, both wafers are 
joined without an adhesive agent, or the like. 

[0096] In addition, as the base wafer, an insulator wafer such as SiO.sub.2, SiC 
and Al. sub. 20. sub. 3 may also be used. In this case, the bond wafer and the base 
wafer can be bonded directly without the oxide film. 

[0097] Next, in the process (e) , a part of the bond wafer 31 is delaminated at the 
ion-implanted layer 34 by heat treatment. For example, when the wafer in which the 
bond wafer 31 and the base wafer 32 are bonded together are subjected to heat 
treatment under an inert gas atmosphere at a temperature of about 500. degree. C. or 
more, the wafer is separated into a delaminated wafer 35 and an SOI wafer 36 (a 
silicon active layer 37+an oxide film 33+the base wafer 32) due to rearrangement of 
the crystal and aggregation of bubbles. 

[0098] Here, as for the delaminated wafer 35 produced as by-product above, there 
has been recently proposed a method to reclaim the delaminated wafer 35 as a base 
wafer or a bond wafer by being subjected to reclaiming process such as polishing a 
delaminating plane. As mentioned above, in the case that a P-doped silicon wafer 
doped with Al which is occupied by N region and/or defect-free I region is used as 
the bond wafer 31, a silicon wafer which is obtained by reclaiming a delaminated 
wafer 35 can be used as a base wafer or a bond wafer. Accordingly, by reclaiming a 
delaminated wafer 35 for example as a base wafer 32, an SOI wafer having the same 
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high quality can be produced. Thus, an SOI wafer according to the present invention 
can be produced from substantially one silicon wafer, thereby production cost can 
be much more lowered. 

[0099] In the process (f), the SOI wafer 36 is subjected to bonding heat treatment. 
In this process (f), since bonding strength between the wafers brought into close 
contact in the aforementioned bonding step (d) and the delamination heat treatment 
step (e) is too weak to be used as it is in a device fabrication process, the SOI 
wafer 36 is subjected to heat treatment at high temperature as bonding heat 
treatment to be sufficient bonding strength. For example, this heat treatment can 
be performed in a range from 30 minutes to 2 hours at 1050. degree. C . -1200 . degree . 
C. under an inert gas atmosphere. 

[0100] Such high temperature heat treatment doesn't deteriorate the dielectric 
breakdown property of the buried oxide film 33 since whole plane of the base wafer 
32 is defect-free, thus high insulation property can be retained. 

[0101] In the process (g) , an oxide film formed on the surface of the SOI wafer 36 
is removed by cleaning with hydrofluoric acid. At this time, if vacancy type 
defects exist in the silicon active layer 37, there is a possibility that HF 
reaches a buried oxide film through the defects and thereby micro pits are 
generated. However, in the present invention, since the silicon active layer 37 
consists of P-doped silicon single crystal whole plane of which is occupied by N 
region and/or defect-free I region, there is no possibility that pits are enlarged 
and that the silicon active layer 37 and the oxide film 33 are destroyed in the 
case of being subjected to cleaning with hydrofluoric acid. 

[0102] Further, in the process (h) , according to need, oxidation for adjusting a 
thickness of the silicon active layer 37 is performed and subsequently in the 
process (I), so-called sacrificial oxidation in .which an oxide film 38 is removed 
by cleaning with hydrofluoric acid is performed. 

[0103] As for the SOI wafer manufactured through the processes (a) -(I) as described 
above, the whole plane of a base wafer 32 and further that of a silicon active 
layer 37 consist of a P-doped silicon single crystal which is occupied by N region 
and/or defect-free I region, and an Al-doped CZ silicon single crystal . Thereby, 
although the buried oxide film 33 is extremely thin, a high insulation property can 
be retained, and the SOI wafer has extremely high electrical reliability. 

[0104] FIG. 6 is a flowchart showing an example of a manufacturing-process of an 
SOI wafer according to the present invention by the SIMOX method. 

[0105] First, in the first process (a), a mirror-polished silicon wafer 41 is 
prepared. In the present invention, as mentioned above, a silicon wafer consisting 
of P-doped silicon single crystal grown by Czochralski method, which is occupied by 
N region and/or defect-free I re gion, and contains Al with con centration of 
2 . times . 10 . sup . 12 atoms /cc or more is used as the silicon wafer 41. 

[0106] Next, in the process (.beta.), oxygen ions (0.sup.+) are ion-implanted at a 
given depth from one side surface of the silicon wafer 41 heated up to around 
500. degree. C. to form an oxygen ion implanted layer 42. At this time, although a 
condition for implanting ions is not limited particularly, for example, ion 
implantation is performed with implantation energy of around 150-200 keV which is 
generally and widely used, and with low dose of around 4 . 0 . times . 10 . sup . 17/cm. sup . 2 
for preventing generation of penetrating dislocation in the following heat- 
treatment for forming an oxide film. At this time, implantation of oxygen ions can 
be performed by installments if necessary. 
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[0107] Next, in the process (.gamma.), heat-treatment for forming an oxide film by 
which an oxygen ion implanted layer 42 is transformed into a buried oxide film 43 
is performed. Although a condition for the heat-treatment for forming an oxide film 
is not limited particularly as long as being able to transform an oxygen ion 
implanted layer into a buried oxide film, for example, a buried oxide film (an 
insulator film) 43 can be formed by performing heat-treatment for 3-6 hours with 
temperature from 1300. degree. C. to melting point of silicon under Argon gas 
atmosphere containing oxygen with a concentration of 1% or less. As mentioned 
above, an SOI wafer 4 6 in which a silicon active layer 4 4 is formed over a support 
substrate 45 via an insulator film 43 can be produced. 

[0108] As mentioned above, as for an SOI wafer produced by the SIMOX method, since 
a thickness of a silicon active layer and a buried oxide film are decided by ion 
implantation energy and dose, there is also an advantage that excellent uniformity 
of film thickness can be easily obtained. Further, since an SOI wafer can be 
produced from one silicon wafer unlike the bonding method that needs 2 wafers, an 
SOI wafer can be produced at relatively low cost. 

[0109] Hereinafter, the present invention will be explained further in detail with 
reference to Examples and Comparative Examples. 

[Confirmation of Pulling Conditions] 

(Pulling Condition 1) 

[0110] A silicon single crystal was produced by using an apparatus for producing a 
single crystal as shown in FIG. 2. 150 kg of polycrystalline silicon material and 4 
mg of refined Al metal grains were charged in a quartz crucible having a diameter 
of 24 inches (600 mm), and a silicon single crystal having a diameter of 210 mm and 
orientation of <100> was grown. When pulling the silicon single crystal, a growth 
rate was controlled to be gradually lowered from a head to a tail of the crystal in 
the range from 0.60 mm/min to 0.20 mm/min. In addition, P concentration was 
controlled in the range of 3 . times . 10 . sup . 14-5 . 5 . times . 10 . sup . 14 atoms/cc and 
Oxygen concentration was controlled in the range of 24-27 ppma (ASTM'79 value) to 
produce the silicon single crystal . 

[0111] Then, as shown in FIG. 3 (a) , a straight body of each silicon single crystal 
ingot above grown was cut into blocks by each length of 10 cm in the direction of 
the crystal growth, and after that, each block was cut lengthwise along the crystal 
axis and several samples having a thickness of around 2 mm were produced. 

[0112] As to the above samples, a distribution of each region of V region, OSF 
region, N region and I region (See, FIG. 3(b)), namely a distribution of FPD, LFPD, 
LSEPD or the like, and generation of OSF were measured by means of WLT measuring 
instrument (SEMILAB WT-85) and Secco etching, and a value of F/G (mm. sup. 2/ . degree . 
C.min) in the boundary of each region was confirmed. 

[0113] Specifically, first, with respect to evaluation of FPD, LFPD and LSEPD, one 
of samples was subjected to a surface grinding, and then it was subjected to mirror 
etching and Secco etching (for 30 minutes), and left without stirring, and after a 
predetermined treatment, density of each defect was measured. Moreover, with 
respect to evaluation of OSF, one of the samples was subjected to heat treatment at 
1150. degree. C. for 100 minutes (under wet-oxidizing atmosphere) and then cooled 
down (set in and out at 800. degree. C), and after an oxide film was removed by 
chemical solution, OSF ring pattern was confirmed and density thereof was measured. 

[0114] Furthermore, slab samples being cut longitudinally along the crystal axis 
were cut to have a size of diameter of 200 mm. And the samples were finished to be 
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a mirror state by polishing, and after an oxide thin film was formed on the wafer 
surface by pyrogenic oxidation at 900. degree. C, heavy metals in the oxide film 
were collected by the thermal sulfuric acid, and Al concentration contained in the 
crystal bulk was identified from the measured value in the solution by WSA method. 

[0115] More detailed distribution of each region which was found from the above- 
described measurement is shown in FIG. 1 (d) . F/G (mm . sup . 2/ . degree . C.min) and an 
Al concentration in boundaries of each region are shown as follows. 

[0116] F/G (mm. sup. 2/ .degree. C.min) in the boundary between OSF region and N 
region : 0 . 20 

[0117] F/G (mm. sup. 2/. degree. C.min) in the boundary between N region and (defect- 
free) I region : 0.18 an Al concentration in the crystal bulk near 

[0118] F/G=0.17: 4 . 1 . times . 10 . sup . 12 atoms/cc. 

(Pulling Condition 2) 

[0119] A silicon single crystal was produced and each measurement was performed as 
the same with Example 1 except for charging 150 kg of polycrystalline silicon 
material and 8 mg of refined Al metal grains in a guartz crucible. 

[0120] More detailed distribution of each region which was found from the above- 
described measurement is shown in FIG. 1 (d) . F/G (mm. sup . 2/ . degree . C.min) and an 
Al concentration in boundaries of each region are shown as follows. 

[0121] F/G (mm. sup. 2 /.degree. C.min) in the boundary between OSF region and N 
region : 0 . 2 0 

[0122] F/G (mm. sup. 2/. degree. C.min) in the boundary between N region and (defect- 
free) I region : 0.18 an Al concentration in the crystal bulk near 

[0123] F/G=0.17: 8 . 8 . times . 10 . sup . 12 atoms/cc. 

(Pulling Condition 3) 

[0124] A silicon single crystal was produced and each measurement was performed as 
the same with Example 1 except for charging 150 kg of polycrystalline silicon 
material without Al metal grains in a quartz crucible. 

[0125] More detailed distribution of each region which was found from the above- 
described measurement is shown in FIG. 1 (b) . F/G (mm. sup . 2/ . degree . C.min) and an 
Al concentration in boundaries of each region are shown as follows. 

[0126] F/G (mm. sup. 2/. degree. C.min) in the boundary between OSF region and N 
region : 0.20 

[0127] F/G (mm. sup. 2/ .degree. C.min) in the boundary between N region and (large 
dislocation clusters-formed) I region 0.18 

[0128] an Al concentration in the crystal bulk near F/G=0.17: 1 . times . 10 . sup . 8 
atoms/cc . 

(Pulling Condition 4) 



http://jupiter2:9000toin/gate.exe?f=doc^ 1 1/1 5/06 



Record Display Form 



Page 17 of 21 



[0129] A silicon single crystal was produced and each measurement was performed as 
the same with Example 1 except for charging 150 kg of polycrystalline silicon 
material and 2 mg of refined Al metal grains in a quartz crucible. 

[0130] More detailed distribution of each region which was found from the above- 
described measurement is shown in FIG. 1 (c) . F/G (mm. sup . 2/ . degree . C.min) and an 
Al concentration in boundaries of each region are shown as follows. 

[0131] F/G (mm. sup. 2/. degree. C.min) in the boundary between OSF region and N 
region : 0 . 2 0 

[0132] F/G (mm. sup. 2/. degree. C.min) in the boundary between N region and (large 
dislocation clusters-formed) I region 0.18 

[0133] F/G (mm. sup. 2/ .degree. C.min) in the boundary between (large dislocation 
clusters-formed) I region and (defect-free) I region : 0.17 

[0134] an Al concentration in the crystal bulk near F/G=0.17: 1 . 8 . times . 10 . sup . 12 
atoms/cc. 

(Pulling Condition 5) 

[0135] A silicon sing le crystal was produced and each measurement was performed as 
the same with Example 1 except for charging 150 kg of polycrystalline silicon 
material and 4 mg of refined Al metal grains in a quartz crucible and producing the 
silicon single crystal so that a B (Boron) concentration is 1 . times . 10 . sup . 15- 
1 . 5 . times . 10 . sup. 15 atoms/cc. 

[0136] More detailed distribution of each region which was found from the above- 
described measurement is shown in FIG. 1 (a). F/G (mm. sup . 2/ . degree . C.min) and an 
Al concentration in boundaries of each region are shown as follows. 

[0137] F/G (mm. sup. 2/. degree. C.min) in the boundary between OSF region and N 
region : 0.22 

[0138] F/G (mm. sup. 2/. degree. C.min) in the boundary between N region and (large 
dislocation clusters-formed) I region 0.20 

[0139] an Al concentration in the crystal bulk near F/G=0.17: 3 . 8 . times . 10 . sup . 12 
atoms/cc. 

[0140] As it is clear from FIG. 1, in the case of a P-doped silicon single cr ystal , 
in Pulling condition 3 and Pulling condition 4 where an Al concentration was less 
than 2 . times . 10 . sup. 12 atoms/cc, large dislocation clusters were formed in I 
region, and even if defect-free I region was present, it remained partially ( FIG P 1 
(b), (c)). However, in Pulling condition 1 and Pulling condition 2 where an Al 
concentr ation was 2 . times . 10 . sup . 12 atoms/cc or more, I reg ion became defect-free 
as shown in FIG. 1 (d) , and the whole plane at the lower rate side from the 
boundary between OSF and N region became defect-free region. 

[0141] On the other hand, in the case of B-doped silicon single crystal, as Pulling 
condition 5, even if an Al concentrat io n was 2 . times . 10 . sup . 12 atoms/cc or more, 
large dislocation clusters were formed in I region as shown in FIG. 1 (a), and 
defect-free I region was not appeared. 

[Production of an SOI Wafer] 
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EXAMPLE 1 

[0142] With the above-mentioned pulling condition 1, a P-doped silicon single 
cr ystal whole plane of which was occupied by N region and defect-free I region was 
produced by controlling pulling rate F so that F/G (mm. sup. 2/ . degree . C.min) is in 
the range of 0.19-0.13. Mirror surface wafers were produced from this P-doped 
silicon single crystal and used as a bond wafer. 

[0143] Next, with the pulling condition 3, a P-doped silicon single crystal whole 
surface of which was occupied by V region was produced by controlling pulling rate 
F so that F/G (mm . sup . 2/ . degree . C.min) is in the range of 0.27-0.24. Mirror wafers 
were produced from this P-doped silicon sing le crystal and used as a base wafer. 

[0144] By using thus prepared bond wafer and base wafer, according to ion 
implantation delamination method based on the process shown in FIG. 5, ion 
implantation into the bond wafer, bonding the bond wafer with the base wafer, 
delaminating heat-treatment, bonding heat treatment (a bonding oxidation), removal 
of the oxide film, oxidation for adjusting the silicon active layer, removal of the 
oxide film and the like were performed. Thus, an SOI wafer having an insulator film 
with a thickness of 200 nm and a silicon active layer with a thickness of 50 nm was 
produced. 

[0145] The surface of the silicon active layer of this SOI wafer was measured with 
a particle counter (Surfscan SP-1, manufactured by KLA-Tencor Corporation) . As a 
result, in spite of removing the thermal oxide film by cleaning with hydrofluoric 
acid after oxidation for adjusting the silicon active layer, it was confirmed that 
etch pits were not formed in the silicon active layer and the silicon active layer 
was not destroyed. 

EXAMPLE 2 

[0146] With the above-mentioned pulling condition 1, a P-doped silicon single 
crystal whole plane of which was occupied by N re gion and defect-free I region was 
produced by controlling pulling rate F so that F/G (mm. sup . 2/ . degree . C.min) is in 
the range of 0.19-0.13. Mirror wafers were produced from this P-doped silicon 
single crystal and used as a bond wafer and a base wafer. 

[0147] By using thus prepared bond wafer and base wafer, by the same ion 
implantation delamination method as performed in example 1, an SOI wafer having a 
silicon active layer with a thickness of 50 nm, and an insulator film with a 
thickness of 70 nm was produced. Then the surface of the silicon active layer was 
measured with a particle counter, and it was confirmed that etch pits were not 
formed in the silicon active layer and the silicon active layer was not destroyed. 

[0148] Further, the silicon active layer of the SOI wafer was removed by 
preferential etching with a solution of potassium hydroxide. Then, the base wafer 
having remaining insulator film was evaluated by Cu deposition method with an 
electric field intensity of 6 MV/cm. As a result, it was confirmed that the 
insulator film was defect-free, and that destruction of the insulator film was not 
happened. 

COMPARATIVE EXAMPLE 1 

[0149] With the above-mentioned pulling condition 3, a P-doped silicon single 
crystal whole plane of which was occupied by V region was produced by controlling 
pulling rate F so that F/G (mm. sup . 2/ . degree . C.min) is in the range of 0.27-0.24. 
Mirror wafers were produced from this P-doped silicon single crystal and used as a 
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bond wafer and a base wafer. 

[0150] By using thus prepared bond wafer and base wafer, by the same method as 
example 1, an SOI wafer having an insulator film with a thickness of 200 nm and a 
silicon active layer with a thickness of 50 nm was produced. Then the surface of 
the silicon active layer of this SOI wafer was measured with a particle counter, 
and high-density light dots that showed the destruction of the silicon active layer 
were confirmed. 

COMPARATIVE EXAMPLE 2 

[0151] With the above-mentioned pulling condition 3, a P-doped silicon s i n gl e 
crystal whole plane of which was occupied by V region was produced by controlling 
pulling rate F so that F/G (mm. sup . 2/ . degree . C.min) is in the range of 0.27-0.24. 
Mirror surface wafers were produced from this P-doped silicon sing le crystal and 
used as a bond wafer and a base wafer. 

[0152] By using thus prepared bond wafer and base wafer, by the same method as 
example 2, an SOI wafer having a silicon active layer with a thickness of 50 nm, an 
insulator film with a thickness of 70 nm was produced. Then the surface of the 
silicon active layer of this SOI wafer was measured with a particle counter, and 
high-density light dots that showed the destruction of the silicon active layer 
were confirmed. Further, after removing the silicon active layer, the insulator 
film was evaluated by Cu deposition method. And high-density defects of oxide film 
that shows the destruction of the insulator film was confirmed. 

[0153] In addition, the present invention is not limited to the embodiment 
described above. The above-described embodiment is mere an example, and those 
having substantially the same structure as technical ideas described in the 
appended claims and providing the similar functions and advantages are included in 
the scope of the present invention. 

CLAIMS: 

1.-12. (canceled) 

13. An SOI wafer in which at least a silicon active layer is formed over a support 
substrate via an insulator film or on a support substrate directly, wherein, at 
least, the silicon active layer consists of a P ( phosphorus) -doped silicon single 
crystal grown by Czochralski method, which is occupied by N region and/or defect- 
free I reg ion, and contains Al (alum in um) w i t h concentrat ion of 2 . t i m es . 10 . sup . 12 
atoms /cc or more. 

14. An SOI wafer in which a base wafer and a bond wafer respectively consisting of 
silicon single crystal are bonded via an insulator film, and then the bond wafer is 
thinned to form a silicon active layer, wherein the bond wafer and/or the base 
wafer consists of a P-doped silicon single crystal grown by Czochralski method, 
which is occupied by N region and/or defect-free I region, and contains Al with 
concentration of 2 . times . 10 . sup . 12 atoms/cc or more. 

15. The SOI wafer according to claim 13, wherein the P-doped silicon single crystal 
contains P with concentration of 1 . times . 10 . sup . 14 atoms/cc or more. 

16. The SOI wafer according to claim 14, wherein the P-doped silicon single crystal 
contains P with concentration of 1 . times . 10 . sup . 14 atoms/cc or more. 

17. The SOI wafer according to claim 13, wherein the silicon active layer has a 
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thickness in the range of 5 nm to 200 nm. 

18. The SOI wafer according to claim 14, wherein the silicon active layer has a 
thickness in the range of 5 nm to 200 nm. 

19. The SOI wafer according to claim 13, wherein the insulator film is a silicon 
oxide film and has a thickness in the range of 10 nm to 100 nm. 

20. The SOI wafer according to claim 14, wherein the insulator film is a silicon 
oxide film and has a thickness in the range of 10 nm to 100 nm. 

21. A method for producing an SOI wafer in which at least an insulator film layer 
(an oxide film layer) is formed by implanting oxygen into a silicon wafer and then 
performing heat-treatment, to form a silicon active layer insulated by the 
insulator film layer in the wafer, wherein at least a silicon wafer which consists 
of a P-doped silicon single crystal grown by Czochralski method, which is occupied 
b Y N region and/or defect-free I region, and contains Al with co ncen t ration of 

2. times. 10. sup. 12 atoms/cc or more is used as the silicon wafer. 

22. A method for producing an SOI wafer at least comprising steps of, a bonding 
step bonding a base wafer and a bond wafer directly and a thinning step forming a 
silicon active layer by thinning the bond wafer, wherein an insulator substrate is 
used as the base wafer and a silicon wafer which consists of a P-doped silicon 
single crystal grown by Czochralski method, which is occupied by N region and/or 
defect-free I region, and contains Al with concentratio n of 2 . t imes . 10 . sup . 12 
atoms/cc or more is used as the bond wafer. 

23. A method for producing an SOI wafer at least comprising steps of, a bonding 
step bonding a base wafer and a bond wafer respectively consisting of silicon 
single crystal via an insulator film and a thinning step forming a silicon active 
layer by thinning the bond wafer, wherein a silicon wafer which consists of a P- 
doped . silicon single crystal grown by Czochralski method, which is occupied by N 
r eg ion and/or defect-free I r egion, and contains Al with concentration of 

2. times. 10. sup. 12 atoms/cc or more is used as the bond wafer and/or the base wafer. 

24. The method for producing an SOI wafer according to claim 22, wherein, ahead of 
the bonding step, ion implanting step is performed to form an ion implanted layer 
in the bond wafer by implanting at least one type of ion from among hydrogen ion 
and rare gas ions from the surface of the bond wafer, in the bonding step, the 
surface of the ion-implanted side of the bond wafer and the surface of the base 
wafer are bonded directly or via the insulator film, and in the thinning step, a 
part of the bond wafer is delaminated at the ion-implanted layer by heat-treatment. 

25. The method for producing an SOI wafer according to claim 23, wherein, ahead of 
the bonding step, ion implanting step is performed to form an ion implanted layer 
in the bond wafer by implanting at least one type of ion from among hydrogen ion 
and rare gas ions from the surface of the bond wafer, in the bonding step, the 
surface of the ion-implanted side of the bond wafer and the surface of the base 
wafer are bonded directly or via the insulator film, and in the thinning step, a 
part of the bond wafer is delaminated at the ion-implanted layer by heat-treatment. 

26. The method for producing an SOI wafer according to claim 21, wherein, as the P- 
doped silicon single crystal, a crystal containing P with concentration of 

1 . times . 10 . sup . 14 atoms/cc or more is used. 

27. The method for producing an SOI wafer according to claim 22, wherein, as the P- 
doped silicon single crystal, a crystal containing P with concentration of 



http://jupiter2:9000/bin/gate.exe?^doc&state=uikk6s.7. 1 &ESN AME=FULL&p_Message= . . 1 1/1 5/06 



Record Display Form 



Page 21 of 21 



1 . times . 10 . sup . 14 atoms/cc or more is used. 

28. The method for producing an SOI wafer according to claim 23, wherein, as the P- 
doped silicon single cr yst a l, a crystal containing P with concentration of 

1 . times . 10 . sup. 14 atoms/cc or more is used. 

29. The method for producing an SOI wafer according to claim 21, wherein a 
thickness of the silicon active layer is in the range of 5 nm to 200 nm. 

30. The method for producing an SOI wafer according to claim 22, wherein a 
thickness of the silicon active layer is in the range of 5 nm to 200 nm. 

31. The method for producing an SOI wafer according to claim 23, wherein a 
thickness of the silicon active layer is in the range of 5 nm to 200 nm. 

32. The method for producing an SOI wafer according to claim 21, wherein the 
insulator film is a silicon oxide film and a thickness of the silicon oxide film is 
in the range of 10 nm to 100 nm. 

33. The method for producing an SOI wafer according to claim 23, wherein the 
insulator film is a silicon oxide film and a thickness of the silicon oxide film is 
in the range of 10 nm to 100 nm. 
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US-CL-CURRENT: 117/19; 117/20 
ABSTRACT: 

The present invention is a method of producing a P ( phosphorus ) -doped silicon single 
crystal by Czochralski method, wherein, at least, a growth of the single crystal is 
performed so that an Al (aluminum) concentration is 2 . times . 10 . sup . 12 at oms/cc or 
more. Thereby, there can be provided a method of easily and inexpensively producing 
a P ( phosphorus ) -doped silicon single crystal of defect-free region having an 
excellent capability of electrical characteristics to be high breakdown voltage, 
which contains neither, for example, V region, OSF region, nor large dislocation 
cluster (LSEPD, LFPD) region. 

TECHNICAL FIELD 

[0001] The present invention relates to a method of producing a P-doped silicon 
single crystal by Czochralski method and a P-doped N-type silicon single crystal 
wafer. Particularly, the present invention relates to a method of producing a P- 
doped silicon single crystal of defect-free region having an excellent capability 
of electrical characteristics to be high breakdown voltage, which contains neither 
V region, OSF region, nor large dislocation cluster (LSEPD, LFPD) region, and to a 
P-doped N-type silicon single crystal wafer. 

BACKGROUND ART 

[0002] A single crystal used as a substrate of semiconductor devices, for example, 
a silicon single crystal, is mainly produced by Czochralski method (hereafter 
abbreviated to CZ method). 

[0003] When producing a single crystal by CZ method, for example, a single cr ystal 
production apparatus 10 as shown FIG. 2 is used to produce the single crystal. This 
single crystal production apparatus 10 has a member for containing and melting a 
raw material polycrystal such as silicon, heat insulation members to insulate heat, 
and etc. They are installed in a main chamber 11. A pulling chamber 12 extending 
upwardly is continuously provided from a ceiling portion of the main chamber 11, 
and a mechanism for pulling a sing le cr y sta l 13 by a wire 14 (not shown) is 
provided above it. 

[0004] In the main chamber 11, a quartz crucible 16 for containing a melted raw 
material melt 15 and a graphite crucible 17 supporting the quartz crucible 16 are 
provided, and these crucibles 16 and 17 are supported by a shaft 18 so that they 
can be rotated and moved upwardly or downwardly by a driving mechanism (not shown) . 
To compensate for decline of the melt level of the raw material melt 15 caused by 
pulling of the single crystal 13, the driving mechanism for the crucibles 16 and 17 
is designed to rise the crucibles 16 and 17 as much as the melt level declines. 

[0005] And, a graphite heater 19 for melting the raw material is provided so as to 
surround the crucibles 16 and 17. A heat insulating member 20 is provided outside 
the graphite heater 19 so as to surround it in order to prevent that the heat from 
the graphite heater 19 is directly radiated on the main chamber 11. 

[0006] Moreover, a graphite cylinder 23 is provided above the crucibles, and a heat 
insulating material 24 is provided on the outside of the lower end of the graphite 
cylinder 23 so as to oppose to the raw material melt 15 so that the heat radiation 
from the melt surface is intercepted and the temperature of the raw material melt 
surface is kept. 



http://jupiter2:9000/bin/gate.exe?f=doc&state=uikk6s.7.2&ESNAM 11/15/06 



Record Display Form 



Page 3 of 1 1 



[0007] A raw material lump is put in the quartz crucible 16 provided in the single 
crystal production apparatus as described above, the crucible 16 is heated by the 
graphite heater 19 as described above to melt the raw material lump in the quartz 
crucible 16. A seed crystal 22 fixed by a seed holder 21 connected with the lower 
end of the wire 14 is immersed into the raw material melt 15 melted from the raw 
material lump as described above. Thereafter, the single crystal 13 having a 
desired diameter and quality is grown under the seed crystal 22 by rotating and 
pulling the seed crystal 22. In this case, after bringing the seed crystal 22 into 
contact with the raw material melt 15, so-called necking, once forming the neck 
portion by narrowing the diameter to about 3 mm, is performed, and then, a 
dislocation-free crystal is pulled by spreading to a desired diameter. 

[0008] The silicon single crystal produced by the CZ method as described above is 
mainly used for producing a semiconductor devices. In these years, with higher 
integration of semiconductor devices, an element becomes finer. The problem of 
Grown-in crystal defects introduced during the crystal growth has become more 
significant as an element has become finer. 

[0009] Hereafter, the Grown-in crystal defects will be described (see, FIG. 4). 

[0010] In the silicon single crystal, if the crystal growth rate is relatively 
high, Grown-in defects such as FPD (Flow Pattern Defect) considered to be 
originated from voids aggregated of void-type point defects, are present at high 
density over the region in a crystal radial direction. The region where the defects 
are present is called V (Vacancy) region. Moreover, if the growth rate is lower, 
OSF (Oxidation Induced Stacking Fault) region is generated as in a ring shape from 
the periphery of the crystal with lowering of the growth rate. And defects such as 
LSEPD (Large Secco Etch Pit Defect) and LFPD (Large Flow Pattern Defect) considered 
to be originated from dislocation loops aggregated of interstitial silicons in the 
outside of the ring are present at low density, and the region where the defects 
are present is called I (Interstitial) region . With further lowering of the growth 
rate, OSF ring is contracted to disappear in the center of a wafer, and the whole 
plane becomes I region . 

[0011] In these years, in the outside of the OSF ring between V region and I 
region, a region has been discovered where neither such as FPD originated from 
voids nor such as LSEPD and LFPD originated from interstitial silicons are present. 
The region is called N (Neutral) region . Moreover, the N region is further 
categorized as follows. There are Nv region (a region where more voids are present) 
next to the outside of the OSF ring and Ni region (a region where more interstitial 
silicons are present) next to I region . In the Nv region, amount of precipitated 
oxygen is rich when thermal oxidation treatment is performed, and in the Ni region, 
amount of precipitated oxygen is little. 

[0012] The Grown-in defects are considered to be determined the introduced amount 
by the parameter of F/G which is ratio of the pulling rate (F) and an average value 
of a temperature gradient in the crystal along a pulling axis from the melting 
point of silicon to 1400. degree. C. (G) (See, for example, V. V. Voronkov, Journal 
of Crystal Growth, 59 (1982) 625-643). Namely, if the pulling rate and the 
temperature gradient are controlled so that F/G is constant, a single crystal can 
be pulled in a desired defect region or in a desired defect-free region (See, for 
example, Japanese Patent Laid-open (Kokai) Publication No. 2000-178099) . 

[0013] Therefore, it is conventionally necessary to pull a single crystal by 
controlling the pulling rate etc. for N region so as to obtain a single crystal of 
defect-free region. It is difficult to control the rate because the single cr ystal 
of N region can be grown in a range of a. relatively limited pulling rate. Thus, 
productivity and yield of the single crystal become low. Accordingly, a method of 



http://jupiter2:9000ftin/gate.exe? 11/15/06 



'Record Display Form 



Page 4 of 1 1 



expanding a pulling rate range where a defect-free region can be obtained has been 
required so as to produce it more easily. 

DISCLOSURE OF THE INVENTION 

[0014] Accordingly, the present invention was conceived in view of the above 
problems. An object of the present invention is to provide a method of easily and 
inexpensively producing a P-doped silicon single crystal of defect-free region 
having an excellent capability of electrical characteristics to be high breakdown 
voltage, which contains neither, for example, V region, OSF region, nor large 
dislocation cluster (LSEPD, LFPD) region, and to provide the P-doped N-type silicon 
sin gle crystal wafer. 

[0015] In order to accomplish the above object, according to the present invention, 
there is provided a method of producing a P (phosphorus ) -doped silicon single 
crystal by Czochralski method, wherein, at least, a growth of the single crystal is 
performed so that an Al (aluminum) concentration is 2 . ti mes . 10 . sup . 12 atoms/cc or 
more . 

[0016] By performing a growth of the P-doped single crystal so that an Al 
(aluminum) concentration is 2 . times . 10 . sup . 12 atoms/cc or more as described above, 
there can be obtained a P-doped silicon single crystal in which a region at a lower 
rate side from N region is a defect-free I region containing no large dislocation 
clusters such as LFPD and LSEPD. Therefore, because the defect-free region which is 
conventionally limited to N region can be expanded to I r egion, there can be easily 
and inexpensively provided a P-doped silicon single crystal having an excellent 
capability of electrical characteristics to be high breakdown voltage. 

[0017] In this case, it is preferable that the growth of the single crystal is 
performed so that a P concentration is 1 . times . 10 . sup . 14 atoms/cc or more in the 
silicon single crystal . 

[0018] There can be sufficiently obtained a N-type of conductivity by performing 
the growth of the single crystal so that a P concentration is 1 . times . 10 . sup . 14 
atoms/cc or more in the silicon single crystal as described above. 

[0019] In this case, it is preferable that in the growth of the single crystal, it 
is pulled so that a value of F/G (mm . sup . 2/ . degree . C.min) is a value of 0.2 or 
less, where F (mm/min) is the pulling rate and G (.degree. C./mm) is an average 
value of a temperature gradient in the crystal along a pulling axis from the 
melting point of silicon to 1400. degree. C. Moreover, it is preferable that the 
crystal growth is performed in the range of N region and I region . 

[0020] By pulling the single crystal so that a value of F/G (mm. sup . 2 /. degree . 
C.min) is a value of 0.2 or less as described above, the single crystal growth can 
be performed, for example, in the range of N region and I reg ion. Because I region 
becomes also defect-free in the P-doped silicon single crystal doped with Al in 
accordance with the present invention, there can be easily obtained the defect-free 
p-doped silicon single crystal in the above-described range. 

[0021] Moreover, according to the present invention, there can be provided a P- 
doped silicon single crystal produced by the producing method as described above, 
and provided a silicon wafer which is sliced from the P-doped silicon single 
crystal . 

[0022] There can be produced a high guality P-doped silicon single crystal at high 
productivity if a P-doped silicon -single crystal is produced by using the producing 
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method of the present invention as described above. Therefore, the silicon wafer 
sliced from the P-doped silicon single crystal has high quality and becomes 
inexpensive . 

[0023] Also, according to the present invention, there can be provided a P 
( phosphorus) -doped N-type silicon single crystal wafer wherein at least an Al 
(alu m inum) concent r ation is 2 . times . 10 . sup. 12 a toms/cc or more. 

[0024] A P ( phosphorus) -doped N-type silicon single crystal wafer wherein at least 
an Al (aluminum) concentration is 2 . times . 10 . sup . 12 atoms/cc or more as described 
above can be obtained from a P-doped silicon single crystal in which a region at a 
lower rate side from N region is a defect-free 1 reg ion containing no large 
dislocation clusters such as LFPD and LSEPD. Therefore, there can be easily and 
inexpensively provided a P-doped N-type silicon single crystal wafer having an 
excellent electrical characteristics to be high breakdown voltage. 

[0025] In this case, it is preferable that a P concentration in the wafer is 
1 . times . 10 . sup. 14 atoms/cc or more. 

[0026] There can be sufficiently obtained a N-type of conductivity if a P 
concentration in the wafer is 1 . times . 10 . sup . 14 atoms/cc or more as described 
above . 

[0027] In this case, it is preferable that the wafer is that the whole plane of the 
wafer is N region and/or I region. 

[0028] If the wafer is that the whole plane of the wafer is N region and/or I 
region as described above, because I region is also defect-free in the P-doped N- 
type silicon single crystal wafer of the present invention, the wafer can be easily 
and inexpensively produced. And it can have an excellent electrical characteristics 
to be high breakdown voltage. 

[0029] As explained above, according to the present invention, because I region 
becomes a defect-free region by doping the prescribed amount of aluminum when 
producing a P-doped silicon single crystal by Czochralski method, there can be 
provided a method of producing a P-doped silicon single crystal of N region and 
defect-free I region which contains neither, for example, V region, OSF region, nor 
large dislocation cluster (LSEPD, LFPD) region and which has an excellent 
capability of electrical characteristics to be high breakdown voltage, and there 
can be easily and inexpensively provided the P-doped N-type silicon single crystal 
wafer. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0030] FIG. 1 is an explanatory view showing a relationship between a growth rate 
and a distribution of crystal defects under each condition. 

[0031] (a) Comparative example 3, (b) Comparative example 1, (c) Comparative 
example 2, (d) Example 1, Example 2. 

[0032] FIG. 2 is a schematic view of a single crystal production apparatus. 

[0033] FIG. 3 (a) is a view of showing relationship between a growth rate and 
crystal-sliced position of a silicon single crystal, and (b) is an explanatory view 
showing a growth rate and each region. 

[0034] FIG. 4 is an explanatory view showing a relationship between a growth rate 
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and a distribution of crystal defects according to a prior art. 
BEST MODE FOR CARRYING OUT THE INVENTION 

[0035] Hereinafter, embodiments of the present invention will now be described. 
However, the present invention is not limited thereto. 

[0036] Here, a value of G (.degree. C./mm), which is an average value of a 
temperature gradient in the crystal along a pulling axis from the melting point of 
silicon to 1400. degree. C, is calculated by using the global heat transfer 
analysis software FEMAG. 

[0037] FEMAG is the global heat transfer analysis software disclosed in the 
reference (F. Dupret, P. Nicodeme, Y. Ryckmans, P. Wouters, and M. J. Crochet, Int. 
J. Heat Mass Transfer, 33, 1849 (1990)). 

[0038] Hereafter, the present invention will be described. 

[0039] When producing B (Boron) -doped silicon single crystal by Czochralski method, 
if a growth rate of the single crystal is gradually decreased from high rate to low 
rate from a shoulder of the crystal through a tail of a straight body thereof, the 
OSF ring shrinks with reaching into one growth rate, and thereafter, in a lower 
rate region, each phase of N region (Nv and Ni region) and I region is formed in 
the order. Particularly in I region of a lower rate side from N region, it is known 
that large dislocation clusters of which size is about 10 .mu.m or more are formed, 
and defects such as LSEPD and LFPD are present. In addition, in the case of B-doped 
silicon single crystal, N region is formed when a value of F/G (mm . sup . 2/ . degree . 
C. min) is in a range of 0.20-0.22. 

[0040] On the other hand, when producing a P-doped silicon single crystal by 
C zochralsk i method, if a growth rate of a silicon single crys t a l is gradually 
decreased from high rate to low rate from a shoulder of the crystal through a tail 
of a straight body thereof, the OSF ring shrinks with reaching into one growth 
rate, and thereafter, in a lower rate region, each phase of N region (Nv, Ni 
region) and I region is formed in the order. In the large dislocation clusters 
agglomeration in the I r egion, LFPD isn't contained but only LSEPD is contained. In 
addition, in the case of P-doped silicon single crystal, N region is formed when a 
value of F/G (mm . sup . 2/ . degree . C.min) is in a range of 0.18-0.20. 

[0041] As described above, it was found that B-doped silicon single crystal and P- 
doped silicon single crystal had different behaviors of a distribution of crystal 
defects. Particularly from the difference in the way of generation of crystal 
defects in I region, in the case of P-doped silicon single crystal, the inventors 
found that Al elements taken in the pulling crystal after being eluted from natural 
quartz of a crucible suppressed generation of the large dislocation clusters which 
were normally confirmed in I region . 

[0042] When pulling P-doped silicon single crystal, in the case of using a 
synthetic quartz crucible containing little Al components, the presence of the 
large dislocation clusters was confirmed in I region . However, when using such a 
natural quartz crucible that Al elements were taken in a pulling crystal in a 
concentration range of 5 . times . 10 . sup . 1 1 atoms/cc or more and less than 
2 . times . 10 . sup. 12 atoms/cc, high density of LSEPD was confirmed in the I region of 
a little lower rate side from Ni region, but LSEPD was not formed in a further 
lower rate region. Namely, it was found that the region was defect-free I region . 
The present inventors examined Al concentration of I region in the vicinity of 
boundary where LSEPD disappeared. As a result, it was revealed that the 
concentration was about 2 . times . 10 . sup . 12 atoms/cc, and at the time, a value of F/G 
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(mm. sup. 2 /.degree. C.min) in the boundary was 0.17. 

[0043] And, the present inventors used a synthetic quartz crucible based on the 
above fact, and added refined Al metal grains when filling polycrystal silicon raw 
material so that Al elements of 2 . times . 10 . sup . 12 atoms/cc or more could be taken 
in the pulling crystal. And, as a growth rate of a silicon single crystal was 
gradually decreased from high rate to low rate from a shoulder of the crystal 
through a tail of a straight body thereof, large dislocation clusters were not also 
formed in the I region of a little lower rate side from Ni region, which was 
defect-free, and the I region of a further lower rate side was also defect-free. 
Accordingly, it was found that in a P-doped crystal which is doped Al, N region and 
defect-free I region are formed in the region where F/G (mm. sup. 2/ . degree . C.min) 
is 0.20, which is in the boundary between OSF and N region, or less. 

[0044] In addition, because Al is a conductivity type element of P-type, it is 
necessary to be careful about a high concentration doping. Particularly in order to 
dope Al without a disadvantage for device design, it is desirable to control a 
concentration of Al taken in a crystal not to be more than 1 . times . 1 0 . sup . 14 
atoms/cc . 

[0045] Moreover, it is preferable to dope P so that a P concentration in a P-doped 
silicon sin gle crystal is 1 . times . 10 . sup . 14 atoms/cc or more. This is because there 
can be obtained a sufficient N-type of conductivity if a concentration of doped P 
is 1 . times . 10 . sup. 14 atoms/cc or more. 

[0046] Hereafter, the present invention will be explained more specifically with 
reference to examples of the present invention and comparative examples. However, 
the present invention is not limited to these. 

EXAMPLE 1 

[0047] A silicon single crystal was produced by using a single crystal production 
apparatus as shown in FIG. 2. 150 kg of raw material polycrystal silicon and 4 mg 
of refined Al metal grains were charged in the quartz crucible with a diameter of 
24 inches (600 mm), and a silicon single crystal with a diameter of 210 mm and 
orientation <100> was pulled. When pulling the silicon single crystal, a growth 
rate was controlled so as to be gradually decreased from a head of the crystal 
through a tail thereof in a range from 0.60 mm/min to 0.20 mm/min. Moreover, the 
silicon single crystal was produced so that a P concentration might be 
3.times.l0.sup.l4 to 5 . 5 . times . 10 . sup . 14 atoms/cc and oxygen concentration might be 
24-27 ppma (ASTM* 79) . 

[0048] A straight body of each silicon single crystal ingot grown as described 
above was cut into blocks by each length of 10 cm along a crystal growth axis as 
shown in FIG. 3(a), and thereafter each block was cut longitudinally along the 
crystal axis and several samples with thickness of about 2 mm were produced. 

[0049] As to the aforementioned samples, a distribution of each region of V region, 
OSF region, N region and I region (See, FIG. 3(b)), namely a distribution of FPD, 
LEPD, LSEPD or the like, and generation of OSF were measured by means of WLT 
measuring instrument (SEMI LAB WT-85) and Secco etching, and a value of F/G 
(mm. sup. 2/. degree. C.min) in the boundary of each region was confirmed. 

[0050] Specially, first, with respect to evaluation of FPD, LFPD, LSEPD, one of 
samples was subjected to a surface grinding, and then subjected to mirror etching 
and Secco etching (for 30 minutes), and left without stirring, and after a 
predetermined treatment, density of each defect was measured. Moreover, with 
respect to evaluation of OSF, one of the samples was subjected to heat treatment at 
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1150. degree. C. for 100 minutes (under wet-oxidizing atmosphere) and then cooled 
down (set in and out at 800. degree. C), and after oxide film was removed by 
chemical solution, OSF ring pattern was confirmed and density thereof was measured. 

[0051] Furthermore, slab samples being cut longitudinally along the crystal axis 
were cut to have a size of diameter of 200 mm. And the samples were finished to be 
a mirror state by polishing, and after an oxide thin film was formed on the wafer 
surface by pyrogenic oxidation at 900. degree. C, heavy metals in the oxide film 
were collected by the thermal sulfuric acid, and Al concentration contained in the 
crystal bulk was identified from the measured value in the solution by WSA method. 

[0052] More detailed distribution of each region which was found from the above- 
described measurement is shown in FIG. 1 (d) . F/G (mm. sup . 2/ . degree . C.min) and an 
Al concentration in each region boundary are shown as follows. 

[0053] F/G (mm. sup. 2/ .degree. C.min) in the boundary between OSF region and N 
re gion : 0.20 

[0054] F/G (mm. sup. 2/. degree. C.min) in the boundary between N region and (defect- 
free) I r eg io n : 0.18 

[0055] an Al concentration in the crystal bulk near F/G=0 . 17 : 4 . 1 . times . 10 . sup . 12 
atoms/cc . 

EXAMPLE 2 

[0056] A silicon single crystal was produced and each measurement was performed as 
the same with Example 1 except for charging 150 kg of raw material polycrystal 
silicon and 8 mg of refined Al metal grains in a quartz crucible. 

[0057] More detailed distribution of each region which was found from the above- 
described measurement is shown in FIG. 1 (d) . F/G (mm. sup . 2/ . degree . C.min) and an 
Al concentration in each region boundary are shown as follows. 

[0058] F/G (mm. sup. 2 /.degree. C.min) in the boundary between OSF region and N 
region: 0.20 

[0059] F/G (mm. sup. 2/. degree. C.min) in the boundary between N region and (defect- 
free) I region: 0.18 an Al concentration in the crystal bulk near 

[0060] F/G=0. 17:8. 8. times. 10. sup. 12 atoms/cc. 

COMPARATIVE EXAMPLE 1 

[0061] A silicon single crystal was produced and each measurement was performed as 
the same with Example 1 except for charging 150 kg of raw material polycrystal 
silicon without Al metal grains in a quartz crucible. 

[0062] More detailed distribution of each region which was found from the above- 
described measurement is shown in FIG. 1 (b) . F/G (mm. sup . 2/ . degree . C.min) and an 
Al concentration in each region boundary are shown as follows. 

[0063] F/G (mm. sup. 2/ .degree. C.min) in the boundary between OSF region and N 
region : 0.20 

[0064] F/G (mm. sup. 2/ .degree. C.min) in the boundary between N region and (large 
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dislocation clusters-formed) I region : 0.18 

[0065] an Al concentration in the crystal bulk near F/G=0 . 17 : 1 . times . 10 . sup . 8 
atoms/cc. 

COMPARATIVE EXAMPLE 2 

[0066] A silicon single crystal was produced and each measurement was performed as 
the same with Example 1 except for charging 150 kg of raw material polycrystal 
silicon and 2 m g of refined Al metal grains in a quartz crucible. 

[0067] More detailed distribution of each region which was found from the above- 
described measurement is shown in FIG. 1 (c) . F/G (mm. sup. 2/ . degree . C.min) and an 
Al concentration in each region boundary are shown as follows. 

[0068] F/G (mm. sup. 2/ .degree. C.min) in the boundary between OSF region and N 
region : 0.20 

[0069] F/G (mm. sup. 2/ .degree. C.min) in the boundary between N region and (large 
dislocation clusters-formed) I region : 0.18 

[0070] F/G (mm. sup. 2/ .degree. C.min) in the boundary between (large dislocation 
clusters-formed) I region and (defect-free) I reg io n: 0.17 

[0071] an Al concentration in the crystal bulk near F/G=0 . 17 : 1 . 8 . times . 10 . sup . 12 
atoms/cc . 



COMPARATIVE EXAMPLE 3 



[0072] A silicon single crystal was produced and each measurement was performed as 
the same with Example 1 except for charging 150 kg of raw material polycrystal 
silicon and 4 mg of refined Al metal grains in a quartz crucible and producing the 
silicon single crystal so that a B (Boron) concentration is 1 . times . 10 . sup . 15- 
1 . 5 . times . 10 . sup. 15 atoms/cc. 



[0073] More detailed distribution of each region which was found from the above- 
described measurement is shown in FIG. 1 (a). F/G (mm. sup . 2/ . degree . C.min) and an 
Al concentration in each region boundary are shown as follows. 



[0074] F/G (mm. sup. 2/. degree. C.min) in the boundary between OSF region and N 
region : 0.22 



[0075] F/G (mm. sup. 2/ .degree. C.min) in the boundary between N region and (large 
dislocation clusters-formed) I region : 0.20 



[0076] an Al concentration in the crystal bulk near F/G=0 . 17 : 3 . 8 . times . 10 . sup . 12 
atoms/cc . 



[0077] As clear from FIG. 1, in the case of P-doped silicon single crystal, in 
Comparative example 1 and Comparative example 2 where an Al concentration contained 
less than 2 . times . 10 . sup . 12 atoms/cc, large dislocation clusters were formed in I 
region, and even if defect-free I region was present, it existed in only one 
portion (FIG. 1(b), (c) ) . However, in Example 1 and Example 2 where an Al 
concentration contained 2 . times . 10 . sup . 12 atoms/cc or more, I region became defect- 
free as shown FIG. 1 (d) , and the whole plane at the lower rate side from, the 
boundary between OSF and N region became defect-free region. 
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[0078] On the other hand, in the case of B-doped silicon single crystal, as 
Comparative example 3, even if an Al concentration is 2 . times . 10 . sup . 12 atoms/cc or 
more, large dislocation clusters were formed in I region as shown in FIG. 1 (a), 
and defect-free I re gion was not present. 

[0079] In addition, the present invention is not limited to the embodiments 
described above. The above-described embodiments were examples, and those having 
the substantially same constitution as that described in the appended claims and 
providing the similar working effects are included in the scope of the present 
invention . 



CLAIMS : 



1-9. (canceled) 



10. A method of producing a P ( phosphorus) -doped silicon single crystal by 
Czochralski method, wherein, at least, a growth of the single crystal is performed 
so that an Al (aluminum) concentration is 2 . times . 10 . sup . 12 atoms/cc or more. 

11. The method of producing a P-doped silicon single crystal according to claim 10, 
wherein the growth of the single crystal is performed so that a P concentration is 
1 . times . 10 . sup. 14 atoms/cc or more in the silicon single crystal . 

12. The method of producing a P-doped silicon single crystal according to claim 10, 
wherein in the growth of the single crystal, it is pulled so that a value of F/G 
(mm. sup. 2/. degree. C.min) is a value of 0.2 or less, where F (mm/min) is the 
pulling rate and G (.degree. C./mm) is an average value of a temperature gradient 
in the crystal along a pulling axis from the melting point of silicon to 

1400. degree. C. 

13. The method of producing a P-doped silicon sin gle c rysta l according to claim 11, 
wherein in the growth of the single crystal, it is pulled so that a value of F/G 
(mm. sup. 2/. degree. C.min) is a value of 0.2 or less, where F (mm/min) is the 
pulling rate and G (.degree. C./mm) is an average value of a temperature gradient 
in the crystal along a pulling axis from the melting point of silicon to 

1400. degree. C. 

14. The method of producing a P-doped silicon single crystal according to claim 10, 
wherein the crystal growth is performed in the range of jsj region and I region . 

15. The method of producing a P-doped silicon single cr ystal according to claim 11, 
wherein the crystal growth is performed in the range of N region and I region . 

16. The method of producing a P-doped silicon single crystal according to claim 12, 
wherein the crystal growth is performed in the range of N region and I region . 

17. The method of producing a P-doped silicon sin gle crystal according to claim 13, 
wherein the crystal growth is performed in the range of N region and I region . 

18. A P-doped silicon single crystal produced by the method according to claim 10. 

19. A P-doped silicon single crystal produced by the method according to claim 11. 

20. A P-doped silicon single crystal produced by the method according to claim 12. 

21. A P-doped silicon single crystal produced by the method according to claim 13. 
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22. A P-doped silicon single crystal produced by the method according to claim 14. 

23. A P-doped silicon single crystal produced by the method according to claim 15. 

24. A P-doped silicon single crystal produced by the method according to claim 16. 

25. A P-doped silicon single c r ystal produced by the method according to claim 17. 



26. A silicon wafer which 
according to claim 18. 


is 


sliced 


from 


the 


P- 


-doped 


silicon 


single 


crystal 


27. A silicon wafer which 
according to claim 19. 


is 


sliced 


from 


the 


P- 


-doped 


silicon 


single 


crystal 


28. A silicon wafer which 


is 


sliced 


from 


the 


P- 


-doped 


silicon 


single 


crystal 


according to claim 20. 


















c. z? . t\ o J. jl J. ocjii wdici wnicn 
according to claim 21. 
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from 


+■ y-i o 
une 


D- 
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silicon 
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crys ta 1 


30. A silicon wafer which 
according to claim 22. 


is 


sliced 


from 


the 


P- 


-doped 


silicon 


single 


crystal 


31. A silicon wafer which 
according to claim 23. 


is 


sliced 


from 


the 


P- 


-doped 


silicon 


single 


crystal 


32. A silicon wafer which 
according to claim 24. 


is 


sliced 


from 


the 


P" 


-doped 


silicon 


single 


crystal 


33. A silicon wafer which 


is 


sliced 


from 


the 


P- 


-doped 


silicon 


single 


crystal 



according to claim 25. 

34. A P ( phosphorus) -doped N-type silicon single crystal wafer wherein at least an 
Al (aluminum) concentration is 2 . times . 10 . sup . 12 atoms/cc or more. 

35. The P-doped N-type silicon single crystal wafer according to claim 34 wherein a 
P concentration in the wafer is 1 . times . 10 . sup . 14 atoms/cc or more. 

36. The P-doped N-type silicon single crystal wafer according to claim 34, wherein 
the wafer is that the whole plane of the wafer is N reg ion and/or I reg i o n. 

37. The P-doped N-type silicon single crystal wafer according to claim 35, wherein 
the wafer is that the whole plane of the wafer is N region and/or I region . 



Previous Doc 



Next Doc 



Go to Doc# 



http://jupiter2:9000ftiiVga^ 11/15/06 



